A new mixture model (EOS-LNG) for the accurate representation of thermodynamic property data of multicomponent natural gas mixtures in the liquid state is presented. The mathematical approach of the GERG-2008 equation of state of Kunz and Wagner is adopted and new binary-specific functions for methane + n-butane, methane + isobutane, methane + n-pentane, and methane + isopentane are developed. The representation of all experimental data available in the literature for the corresponding binary systems is carefully analyzed so that these functions can also be applied at fluid states beyond the liquefied natural gas (LNG) region. The EOS-LNG represents all available binary and multicomponent data in the LNG region within their specified experimental uncertainty, which is significantly more accurate than the GERG-2008 model. The main focus was given to the representation of new density data measured between 100 K and 180 K with a maximum pressure of 10 MPa. Deviations from the EOS-LNG presented here do not exceed 0.02% for binary data and 0.05% for multicomponent systems. Deviations of calculated values of these data from experimental data in other fluid regions are similar to or better than those calculated with the GERG-2008 model. ARTICLE scitation.org/journal/jpr FIG. 8. Percentage deviations of homogeneous density data for the binary system C 1 C 4 from the EOS-LNG (left) and the GERG-2008 11 (right) in the selected temperature ranges above 400 K. ARTICLE scitation.org/journal/jpr FIG. 9. Percentage deviations of bubble-point pressure data for the binary system C 1 C 4 from the EOS-LNG (top), the GERG-2008 11 (center), and the modification of Rowland et al. 73 (bottom) as a function of the composition x C1 . ARTICLE scitation.org/journal/jpr FIG. 12. Percentage deviations of homogeneous density data in the low and medium temperature region from the EOS-LNG for the binary system C 1 C 4i . The uncertainties of the data of Lentner et al. 20,72 are also shown. The scale of the y-axis changes at 270 K. ARTICLE scitation.org/journal/jpr FIG. 13. Percentage deviations of homogeneous density data of Olds et al. 52 in the high-temperature region from the EOS-LNG for the binary system C 1 C 4i . ARTICLE scitation.org/journal/jpr FIG. 15. Percentage deviations of homogeneous density data from the EOS-LNG for the binary system C 1 C 5 . The scale of the y-axis changes at 311 K.
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Introduction
In this work, an accurate model is presented to calculate thermodynamic properties of natural gas mixtures at liquid states (liquefied natural gas, LNG). Accurate knowledge of these properties is important for safe and efficient designs of any process in the production, storage, distribution, and regasification of LNG. Accurate thermodynamic property models are required for most custody transfer applications. In particular, the energy equivalent factor E is the central quantity upon which the economic value of the natural gas is determined,
To determine the energy content E with sufficient accuracy for large-scale financial transactions, accurate knowledge of the density ρ is an essential element in addition to the directly measurable volume V or volume flow rate _ V and the calculated calorific value Δh CV based only on the composition. The density depends on the temperature, pressure, and composition of the natural gas mixture. Since no robust and sufficiently accurate apparatus for in situ density measurement is available for LNG custody transfer operations, equations of state are currently used to supply this information from the measurements of pressure, temperature, and composition.
A variety of equations of state are available in the literature. For example, in most process simulation tools, it is common to apply cubic equations, such as Peng-Robinson 1,2 or Soave-Redlich-Kwong. 3, 4 These have the advantage that they are rather simple, computationally fast, and easy to extend to new components because only a few substance-specific parameters are needed. Alternatively, the Lee-Kesler-Plöcker 5,6 equation, which is based on a corresponding-states principle, may be used, particularly for single-phase property calculations. However, due to their relative simplicity, none of these equations is very accurate in predicting properties other than saturation pressure for vapor-liquid equilibria. They are certainly not able to reproduce accurate experimental density data within their experimental uncertainty. Several authors, including Klimeck et al., 7 Dauber and Span, 8 and George, 9 have shown that the uncertainties of thermodynamic property data calculated with these simple models are unacceptably high, given the accuracy demands of the natural gas industry. Therefore, more accurate equations of state such as the DETAIL characterization method of AGA8 (Part 1) 10 and the GERG-2008 11 equation of state have been developed. Due to its moderately simple form (a virial expansion), Part 1 of AGA8 10 is still widely used for the calculation of gaseous properties in the natural gas industry. However, GERG-2008 11 is more accurate and covers not only the gaseous region but liquid and supercritical states as well, with uncertainties based on the availability of experimental measurements. It additionally allows for the calculation of bubble-point and dew-point pressures, which is not possible with the DETAIL model. 10 Part 2 of AGA8, 12 which is based on the GERG-2008 model, 11 was recently adopted as a U.S. standard. This follows the adoption by ISO of the GERG-2008 model 11 in 2015, but contains significantly more information due to research conducted between the time when ISO and AGA released their standards. In particular, see the work of Lemmon 13 for information on the revised limits of the DETAIL equation of state. AGA also released computer code in FORTRAN, C++, and VISUAL BASIC that is highly optimized for both models along with a spreadsheet for quick calculations of properties. This is available in Ref. 14 The GERG-2008 11 model is a modern equation of state for multicomponent mixtures expressed in terms of the Helmholtz energy, which includes 21 components taking into account the most common natural gas components such as the normal alkanes (and some isomers), nitrogen, carbon dioxide, and water as well as relevant impurities, e.g., argon, helium, and hydrogen sulfide.
Over the last several years, LNG has become an important commodity. In contrast to compressed natural gas transported in pipelines, LNG can be shipped between continents. This transportation route increases the potential customers for natural gas producers. With increasing trade volume and growing demands on accurate custody transfer, as well as the optimization of energyintensive LNG production, accurate calculation of liquid-phase properties is a new challenge for the industry. Since most models used for the accurate description of natural-gas properties focus mainly on pipeline conditions, other empirical models had to be developed that enable accurate calculation of thermodynamic properties in the subcooled liquid region, namely, at temperatures between approximately 90 K and 180 K with pressures up to 10 MPa. Since the highest demand on accuracy is for density, special equations have been developed for calculating saturated and homogeneous liquid-phase densities over this temperature and pressure range. In the United States, the Costald correlation 15 is often used, whereas Europe follows the guidance of the LNG custody transfer handbook, 16 which recommends the revised Klosek-McKinley equation 17 for densities at saturated liquid states. In the most recent edition, 16 this model was replaced by the enhanced revised Klosek-McKinley equation by Tietz et al., 18 which describes not only saturated states but also homogeneous liquid and supercritical dense states. However, these equations cannot reproduce the most accurate available measurements of LNG densities within their experimental uncertainties. 18-20 Furthermore, these models cannot be used to calculate thermodynamic properties other than densities.
The GERG-2008 model 11 is currently used to accurately calculate properties of LNG, even though it was mainly developed with a focus on calculations at pipeline conditions. As a fundamental equation of state, the GERG-2008 model 11 yields consistent results for all thermodynamic properties. However, while the recent density measurements by Lentner et al. 20 are reproduced within the uncertainty specified for the GERG-2008 model, 11 they are not reproduced within their experimental uncertainty. In this work, new correlations are presented for a number of binary mixtures essential for accurately calculating LNG properties. In combination with the correlations given for other binary mixtures by GERG-2008, 11 these new models reproduce even the most accurate experimental data within their specified uncertainties. Furthermore, thermodynamic properties in other regions, such as those at pipeline conditions, can be calculated with the same quality as achieved with the GERG-2008 model. 11
The Helmholtz Energy Equation of State for Mixtures
This section explains the mathematical background of mixture models expressed in terms of the Helmholtz energy. The mixture model in this work can be traced back to the DETAIL model in the 1992 version of AGA8 and also given in the same form in the 2016 version. 10 Although it was originally expressed as an equation of state explicit in pressure, its origin was based on the Helmholtz energy and most of the equations below are valid for this model. The work of Lemmon 21 followed shortly after the second edition of AGA8 was released in 1994 and presented the original version of the equations given in this work. A revised model was later published in the work of Klimeck et al. 22 and even later by Kunz et al. 23 as GERG-2004. The latter was again revised and published by Kunz and Wagner, 11 and labeled as the GERG-2008 equation of state with three additional fluids (21 fluids in total).
Mathematical approach
The present mixture model is expressed in terms of the molar Helmholtz energy a as a function of temperature T, density ρ, and the composition vector x. For practical reasons, it is made dimensionless by reducing by the molar gas constant R and the temperature,
The reduced Helmholtz energy α is commonly separated into an ideal-gas contribution α o and a residual part α r ,
The ideal part consists of a linear combination of contributions of the ideal-gas fluids in a mixture with N components and an additional composition-dependent term that accounts for the entropy of mixing,
Following the convention used for modern Helmholtz equation of state for pure fluids, the inverse temperature and density are reduced by the critical parameters of the corresponding pure fluids to evaluate the ideal-gas contribution
In this work, values of T c,i and ρ c,i from the pure-fluid models of GERG-2008 11 were adopted.
The residual part is further split into a linear combination of the reduced residual Helmholtz energy of the pure fluids at their corresponding states and a departure term Δα r ,
The reduced inverse temperature and reduced density of the mixture are used to evaluate α r both for the pure-fluid contributions and for the departure term, τ T r T and δ ρ ρ r .
The reducing temperature and density are, in turn, functions of the critical parameters of the pure fluids, the composition x, and four adjustable parameters β T,ij , γ T,ij , β v,ij , and γ v,ij for each binary pair,
To ensure that the results do not depend on the order of numbering the components, the following relations have to be maintained:
This structure of the reducing functions was introduced by Klimeck 22 and differs from other approaches already available in the literature due to several considerations made for highly accurate mixture models that represent not only data for binary mixtures but also multicomponent data. For example, in the limit of pure fluids (x i → 0 or 1), the reducing functions have to exhibit a smooth transition to the corresponding pure-fluid parameters T c and ρ c . Furthermore, the functional form has to be suitable for the description of both symmetric and asymmetric shapes with respect to equimolar compositions. Finally, the adjustable parameters β T,ij , γ T,ij , β v,ij , and γ v,ij are binary-specific interaction parameters that can either be adjusted to obtain agreement with available thermodynamic property data for binary mixtures or be defined by a predictive combining rule (cf. the works of Bell and Lemmon 24 or Lemmon and McLinden 25 ). Without the departure term in Eq. (6), Eqs. (3)-(10) can be considered as an extended corresponding-states approach-the known features and theoretical limitations of this kind of approach explain both the advantages of the model and its limitations, which occur, for example, for mixtures of components with very different critical temperatures. 26, 27 The departure term was first introduced by Lemmon and Jacobsen 28 and can be considered as a correction to the corresponding-states approach, allowing for higher accuracy in calculated properties that cannot be achieved with the use of the corresponding-states method alone. It consists of a weighing factor F ij and either a binary-specific or a generalized departure function α r ij ,
In the literature, the departure function is generally constructed from polynomial, exponential, and special exponential terms,
The number of terms in each of these summations varies depending on the quality and quantity of the available experimental data. Typically, not more than ten terms are used. The last summation in Eq. (12) was introduced by Kunz and Wagner; 11 however, two of the parameters are unnecessary, and the special terms in the summation can be reduced to
where the parameters υ ij and ω ij are used for convenience to represent the constants
and
resulting in the following expression:
With the addition of the nomenclature
and the modified coefficient
Equation (19) is similar to the density-dependent part of the wellestablished Gaussian bell-shaped terms for pure fluids. 29,30 It was further extended to include the temperature-dependent contribution by Bell et al. 31 and already successfully applied for several binary mixture models. 32, 33 However, in order to be consistent with the GERG-2008 model, 11 the original notation given in Eq. (12) is applied in this work. Due to the fraction in Eq. (17), an exception is required for the situation when η ij 0 to avoid division by zero (cf. the binary function of methane + ethane in the GERG-2008 model 11 ). In this case, the special exponential term becomes a simple exponential term [cf. Eq. (12)] Since mixture equations require composition as a set of additional independent variables, the experimental databases are even less comprehensive than those for pure fluids. Furthermore, the experimental uncertainty of the measured properties for mixtures is generally higher than that for pure fluids due to the additional uncertainty in the measurement of the composition. Finally, the determination of phase boundaries is a complex challenge in comparison to the rather simple vapor-liquid equilibrium (VLE) calculation for pure fluids.
The methods of adjusting binary parameters in Helmholtz models to improve the description of mixtures can generally be separated into four classes depending on the amount and quality of the available experimental data, as discussed in Subsections 2.2.1-2.2.4.
No experimental data available
If experimental data are not available, it is (obviously) not possible to adjust binary-specific parameters based on measurements. Only predictive combining rules can be applied to determine the parameters for the reducing functions for temperature and density [Eqs. (8) and (9)]. Although there are many different combining rules available in the literature, Kunz and Wagner 11 evaluated the Lorentz-Berthelot and linear combining rules and found them to be suitable for natural gases applications:
• Lorentz-Berthelot combining rule:
• Linear combining rule:
However, to date it is still unknown which of these combining rules [Eq. (22) or Eqs. (23) and (24)] should be applied for a given mixture. For asymmetric mixtures (mixtures of pure fluids with significantly different critical parameters) or components with different physical properties (e.g., polar vs. nonpolar fluids), different combining rules often yield quantitatively and even qualitatively varying results, particularly for phase-equilibrium calculations. Figure 1 shows that the linear and the Lorentz-Berthelot combining rules yield comparable results for the mixture methane + ethane, which are both hydrocarbons with simple repulsive and attractive intermolecular forces. However, for other mixtures, e.g., carbon dioxide + nitrogen, additional electrostatic interactions occur. For pressures p > 10 MPa, the quantitative characterization of the two combining rules differs remarkably. In the case of methane + chlorine, even the qualitative descriptions of the mixture predicted by the two approaches are not similar.
Unfortunately, well-established methods for selecting the correct combining rule based on macroscopic properties (e.g., vapor pressure, virial coefficients, critical properties, etc.) or microscopic properties (e.g., dispersive/repulsive forces, electrostatic charges and multipoles, hydrogen bonds, etc.) are not yet available. Therefore, the choice of the combining rule for these mixtures should always be critically evaluated before use. For this purpose, more predictive mixture models (e.g., equations based on statistical associating fluid theory) should be analyzed. Other methods for improving the predictive capabilities of multifluid mixture models have recently been published by Jäger et al. 39,40
Few experimental data or only a single type of thermodynamic property available
If some experimental data are available, preferably for VLE pressures and compositions (VLE data), the binary interaction parameters β T,ij , γ T,ij , β v,ij , and γ v,ij can be adjusted. The number of fitted parameters depends on the quality, quantity, and range of data available. The mixture model may then be able to represent at least the correct VLE behavior. In theory, these parameters are not subject to any restrictions. However, based on experience, they mostly vary between 0.8 and 1.2 (cf. the works of Kunz and Wagner 11 or Gernert and Span 41 ). There are a few exceptions, such as mixtures with hydrogen or water, which exhibit more nonideal binary-specific parameters that significantly differ from those of the Lorentz-Berthelot or linear combining rules. During the fitting procedure, it can be beneficial to vary the parameters successively instead of simultaneously. Depending on the quality, quantity, and range of the data, it might also be helpful to adjust only certain parameters and set the remaining ones to unity, as is done, e.g., for nitrogen + several hydrocarbons (pentane to octane) or argon + n-butane. 11
Experimental data of adequate quality and quantity available for similar binary mixtures
This category allows for the use of a departure term through a weighting factor F ij or the full development of a new generalized departure function α r ij (τ, δ). If a departure function is available for physically and chemically similar binary mixtures, the weighing factor F ij can be adjusted in addition to the binary interaction parameters. For the second option, setting up a generalized departure function requires that at least one binary mixture out of a group of "similar" binary mixtures has a comprehensive database with accurate data for different thermodynamic properties, e.g., density, speed of sound, and VLE data. This database serves as the basis for the optimization of the generalized departure function. If available, reliable datasets from similar binary mixtures can be considered concurrently during a simultaneous optimization process. 42 This approach enables a more accurate reproduction of the experimental measurements while ensuring better representation of mixture properties for all similar binary mixtures that only have a restricted database. The functional form of the generalized function is not restricted to certain term types or numbers of terms. Lemmon and Jacobsen 28 first used this method for mixtures of methane through butane. It was later improved in the GERG-2008 model, 11 where this approach was applied for mixtures of, e.g., (methane or ethane) + (n-butane or isobutane).
Comprehensive database available that includes many state points for different thermodynamic properties and with known experimental uncertainties
If a comprehensive and accurate database is available, it is possible to develop a binary-specific departure function. This function may consist of polynomial terms and exponential functions [see Eq. (12)], each with an arbitrary number of terms, which leads to a very flexible functional form. The adjustment of its parameters requires substantial knowledge of their impact to ensure that the physical behavior of the mixture equation is not compromised in regions where data are not available. Therefore, only selected binary systems have dedicated departure functions in the literature (e.g., 7 out of 221 binary mixtures in the GERG-2008 model 11 ). However, fitting algorithms and computing power have significantly improved over the last decade so that both experimental measurements and constraints on the thermodynamic properties can be utilized in the optimization process. Several of the key binary systems, which are investigated here, still have not been comprehensively measured; thus, the development of departure functions for these binaries may not be considered advisable. However, since the aim of this work is to represent new accurate density measurements in the subcooled liquid state within their experimental uncertainty, departure functions were necessary. Based on extensive studies of pure fluids, 43-47 several constraints, which are also valid for binary mixtures, were devised and applied to the fitting procedure. Two examples are illustrated in Fig. 2 .
In the top panel of Fig. 2 , the residual isochoric heat capacity as a function of temperature along selected isochores is shown. Characteristic features of this property include values on the saturated vapor line, where both the slope and curvature should be positive up to the vicinity of the critical point. The corresponding isochores in the vapor phase should have a negative slope and positive curvature. To transition correctly to the ideal-gas limit, the residual isochoric heat capacity has to diminish at high temperatures. In contrast, the saturated liquid c r v has to retain positive curvature to the critical point. The slope has to be negative at low temperatures and must change sign after passing through the minimum.
In the bottom panel of Fig. 2 , the residual Grüneisen parameter 48 [with Γ (zp/zT) ρ /(ρc v )] along selected isobars is depicted as a function of temperature. The saturated vapor line exhibits a negative slope and curvature up to the vicinity of the critical point. The saturated liquid line and the corresponding isobars have negative slopes and positive curvatures throughout.
Any departure function for the systems investigated in this work must satisfy each of the constraints shown in Fig. 2 . There might be exceptions, e.g., for water or hydrogen mixtures, but these are not part of this study. By applying these constraints within the fitting procedure, the new models developed exhibited physically reasonable behavior despite the limited data available in some cases. The flexibility of the functional form of the departure function then allows for the development of a correlation that achieves the required accuracy while ensuring the correct reproduction of the mixture thermodynamic behavior.
Binary Mixtures
The new equations of state for four binary mixtures are presented in this section, which are designated collectively as EOS-LNG. Special focus was given to the accurate representation of the LNG region. The reproduction of all other available data was simultaneously monitored so that the uncertainty of EOS-LNG is smaller than or at least similar to the uncertainty of the GERG-2008 model 11 over the whole temperature and pressure range for which the models are valid. To accurately calculate mixture LNG properties with the models in this work, the models must be used simultaneously with the models of GERG-2008 11 for the other binary subsystems. Otherwise, uncertainties can be larger than 0.1% in terms of density and 0.5% in terms of speed of sound.
Statistical analyses were generally carried out by evaluating relative deviations according to
and the average absolute relative deviation (AARD),
Dew-point data are treated differently because the steep slope of the dew-point line in the vicinity of the cricondentherm (cf. Fig. 3 ) causes significant deviations in terms of dew-point pressures when only slightly changing the temperature. Furthermore, above the temperature at the cricondenbar, two solutions are present when calculating deviations between an experimental state point (blue solid circle in Fig. 3 ) and the calculated values (p vap,1 and p vap,2 ). In the vicinity of the cricondentherm, it is especially difficult to determine which solution is correct. Therefore, the dew-point line is statistically evaluated in terms of absolute deviations with respect to the mole fraction of methane according to
and an average absolute deviation
The evaluation of the experimental density data measured for six typical multicomponent natural gas mixtures 19,49 with the GERG-2008 model 11 showed that four binary systems needed refinement to represent the multicomponent data within their experimental uncertainty: methane + n-butane (C 1 C 4 ), methane + isobutane (C 1 C 4i ), methane + n-pentane (C 1 C 5 ), and methane + isopentane (C 1 C 5i ). The new models were made consistent with the GERG-2008 11 through the use of the same pure-fluid equations and the same mathematical structure as for the mixture models described in Sec. 2.1. Due to the data situation prevalent at the time of its formulation, no binary-specific departure functions were developed for these four mixtures in GERG-2008. 11 A generalized departure function was fitted for the methane + butane mixtures (C 1 C 4 and C 1 C 4i ), whereas only the reducing functions were adjusted for the methane + pentane mixtures (C 1 C 5 and C 1 C 5i ).
Modern fitting techniques and experimental data published over the last decade now allow for the development of binary-specific departure functions for these four binary mixtures. The corresponding parameters of each binary-specific function of the new EOS-LNG model are given in Tables 1 and 2 . The departure functions only include polynomial and special exponential terms as per Eq. (12).
Data assessment
The new mixture models are mainly based on homogeneous density and VLE data. Thorough assessment of the quality of the datasets available for developing the mixture models was an essential step in the tuning process. For three systems (C 1 C 4 , C 1 C 4i , and C 1 C 5 ), the largest number of datasets for both properties were provided by the same research group: over the course of several API (American Petroleum Institute) research projects between 1930 and 1960, more than 30 papers presenting measurements on natural gas mixtures were published by Sage, Lacey, Olds, Reamer, and other authors.
The apparatus used for these measurements was described in detail by Sage and Lacey, 50 with refinements and mixture-specific modifications occurring as the experimental campaign proceeded. The apparatus was basically a U-tube with mercury used as a confining fluid, the pressure of which was varied to change the volume of a known mass of the sample. The effective volume of the chamber filled with the sample was obtained by measuring the elevation of the mercury, which was determined by a moveable electrical contact. The temperature was controlled by a temperature bath, and the pressure was measured with a Bourdon tube gauge connected to the part of the U-tube filled with air. The authors state that this apparatus could be used to measure pure fluids, simple mixtures, and complex mixtures at homogeneous (gaseous and liquid) conditions as well as at VLE states over a broad temperature and pressure range (approximately 290 K-590 K with pressures up to 70 MPa). They report an overall uncertainty of 0.2% in density for all measurements, although recent mixture modeling has demonstrated that this claim is too optimistic. Sage and Lacey were very thoughtful in setting up their apparatus as they were aiming at a low uncertainty in measurement; however, the estimate of 0.2% is questionable based on comparisons with other data. There are many subtle details reported about the construction of the experimental apparatus (e.g., even a home-made "pressure balance" was developed) as well as in conducting the measurements. When analyzing their paper, no obvious source of error becomes apparent; nevertheless, it is well-known that volumetric measurement techniques typically have issues with accurate volume and sample mass determination. It can thus be stated that the complexity of the apparatus makes it prone to errors. Since no reliable estimate of the actual experimental uncertainty is available, the data for methane + ethane (C 1 C 2 ) and methane + propane (C 1 C 3 ) measured with this apparatus were compared to the GERG-2008 11 as shown in Fig. 4 . Deviations of up to 3% in the case of C 1 C 2 and more than 5% for C 1 To eliminate the equation of state as the source of the deviations, the binary C 1 C 2 was investigated in further detail. In addition to the data of Sage and Lacey 57 (red symbols), Fig. 5 shows a comparison of the GERG-2008 11 to more recent experimental data with small, wellcharacterized uncertainties from several authors 58-63 covering the same temperature, pressure, and composition ranges. These other data are consistent and are represented far more accurately than the data of Sage and Lacey. 57 Similar results were demonstrated for the binary C 1 C 3 by Karimi et al., 64 who showed that the data of Reamer et al. 65 (as well as those of Huang et al. 66 and Arai and Kobayashi 67 ) were significantly lower in quality than other more modern data available in the literature and should be given low weights when TABLE 3 . AARDs/% calculated with the new equation of state for the binary system C 1 C 4 . For a better overview, comprehensive datasets are separated into different composition ranges and the overall AARD is given. Comparisons with the available VLE data for this binary are listed in Table 4 Author 20, 72 in further detail: during their measurements, special focus was given to the temperature, pressure, and composition ranges that are important for LNG transport, storage, and custody transfer. They measured one mixture composition of C 1 C 4i and the one of C 1 C 5 .
Comparisons to the GERG-2008 11 show negative deviations that increase with increasing temperatures and decreasing pressures for C 1 C 4i as shown in Fig. 6 . The maximum deviation is −0.58%. A systematic offset of approximately 0.5% can be observed for the system C 1 C 5 . The relative combined expanded uncertainty (k 2) in experimental density was specified to be 0.02% by Lentner et al., 20,72 which indicates the need to improve the equations of state for these binaries.
Methane + n-butane (C 1 C 4 )
The most comprehensively investigated binary system considered in this work is methane + n-butane. Summaries of the available data are given in Tables 3 and 4 . Rowland et al. 73 published a modification of the GERG-2008 equation of state 11 that improved the description of this binary. They carried out investigations on the generalized departure function used for this binary in GERG-2008 11 and found that the term with high temperature and density exponents often made the representation of caloric data worse, in particular, the representation of isobaric heat capacities measured for butane-rich binaries by Syed et al. 71 They also improved the representation of the VLE at lower temperatures. However, the overall representation of density data by GERG-2008 11 and by the modification of Rowland et al. 73 does not differ significantly. Therefore, this modification is not shown for comparisons with the available homogeneous density data presented here.
Reamer et al. 81 published approximately 500 state points in the homogeneous state region at temperatures between 310 K and 511 K with pressures up to 69 MPa over a wide composition range. This publication was part of the comprehensive API research project on natural gases discussed above. Deviations are mostly within 2%, except for the mixture with x C1 0.396. For this composition, the data scatter around the equation of state within 10%, which causes the comparably high AARD of 3.5%. For the remaining binary mixtures (AARD 0.57%-0.71%), the data are more consistent and more accurate as shown in Figs. 7 and 8. In most regions, the data of Reamer et al. 81 are reproduced more accurately by the EOS-LNG than with the GERG-2008. 11 However, the deviations between the data of Reamer et al. 81 and the EOS-LNG increase at higher temperatures more than they do for GERG-2008. 11 This is caused by the different representation of the VLE of the two models (see Fig. 9 ). The EOS-LNG was adjusted to the phase-equilibrium data of Sage et al., 85 which caused a shift in the equilibrium curves predicted at higher temperatures, as shown in Fig. 10 . This shift has a significant influence on the slope and curvature of the isotherms in a pressuredensity plane. Therefore, the representation of homogeneous density data near the phase boundary, where the data of Reamer et al. 81 are located, is different for both models; consequently, the comparison of the TABLE 4 . AARDs of bubble-point pressure data (AARD pliq /%) and average absolute deviations in terms of percentage mole fraction of methane in the saturated vapor phase (AAD yC1 /%) for the binary system C 1 C 4 . N denotes the total number of points in each publication except for pure-fluid measurements, whereas N x and N y indicate the number of bubble-point (index "x") and dew-point (index "y") pressure data, respectively. If N x or N y differ from N, state points were deleted from the numerical analysis for both models due to flash calculation errors or because they are outliers, which would distort the AARD or AAD Most of the state points that are not included in the statistics are measured at high pressures, which are significantly underestimated by the GERG-2008 [cf. Fig. 10 ].
AARD statistics of the EOS-LNG and the GERG-2008 11 models in Table 3 does not give a complete representation of the model performance with a temperature-dependent analysis being preferable for this dataset. Older density measurements by Beattie et al. 74 and Sage et al. 51 exhibit even larger deviations from both models and were, therefore, not considered in the fitting procedure. Jaeschke and Humphreys 62 and Jaeschke et al. 61 published more than 550 accurate density data between 270 K and 354 K with a maximum pressure of 28 MPa. Because they focused on hydrocarbon mixtures with typical natural gas compositions, they only considered two binary mixtures with high methane contents. However, due to the very low reported uncertainties of less than 0.05%, these data had a larger influence while developing both the GERG-2008 11 and the EOS-LNG models. The data are similarly reproduced by both models and are mostly represented within the experimental uncertainty.
Ellington 75 made similar measurements, which were carried out in a restricted temperature range. They agree very well with the data of Jaeschke and Humphreys 62 and Jaeschke et al., 61 as well as with the equation of state. The most recent density dataset of Fenghour et al. 76 comprises 71 data points between 316 K and 480 K with pressures up to 48 MPa and methane concentration of approximately x C1 0.4. Although a very detailed and careful description of the experiment is provided and the overall uncertainty in density is reported to be less than 0.05%, the overall AARD from the EOS-LNG is 1.1% while for the GERG-2008 model 11 the AARD is 0.47%. The difference in the performance of the two models in representing this dataset is most likely caused by the choice of data favored while fitting the two models. As explained earlier, the representation of the VLE data of Sage et al. 85 was significantly improved by EOS-LNG in comparison to the GERG-2008 model. 11 Neither model can accurately represent both the VLE data and the density data measured at similar temperatures, and EOS-LNG prioritized the VLE data over the density data of Fenghour et al. 76 For future work, accurate measurements overlapping with the Tpx ranges of Reamer et al. 81 and more accurate VLE data would be valuable to clarify this situation.
In the low-temperature region for which the fluid compositions are more similar to LNGs, only two state points of Pan et al. 80 are available for the compressed liquid density. They are represented within 0.1% by the EOS-LNG. In addition, two datasets of Hiza et al. 78 and Haynes 77 are available for the saturated liquid density. Both were measured with the same magnetic-suspension densimeter, which is known to be an accurate apparatus for this purpose. [Note: The "magnetic-suspension densimeter" of Haynes and colleagues at NBS (now NIST) differs significantly from more modern magnetic-suspension densimeters, which is, in particular, a densimeter incorporating magnetic-suspension coupling, 86,87 e.g., that used by McLinden, 88 Richter et al., 49 and Lentner et al. 19, 20, 72 for recent LNG density measurements.] For the measurements at NBS, the mixtures were prepared gravimetrically. According to a very detailed analysis of the experimental uncertainties, the authors state an overall uncertainty of 0.13% and 0.12% (k 2), respectively. Comparisons of their data for wellknown binary mixtures such as C 1 C 2 or C 1 C 3 show that they do not deviate by more than 0.1% from values calculated with GERG-2008. 11 In the case of C 1 C 4i , Hiza et al. 78 suspected problems during the filling process or dew-point related errors in the mixture preparation so that the experimental uncertainty might be slightly higher. They assumed that similar problems occurred for the system C 1 C 4 . However, these data can be reproduced within 0.08% (AARD 0.048%), which is consistent with the representation of the data of Haynes 77 (AARD 0.10%). Due to the high methane concentrations of these mixtures, the correct representation of these saturated liquid density data is crucial to the model's performance in describing LNGs. Table 4 lists a summary of the literature datasets for VLE compared with EOS-LNG and GERG-2008. 11 Percentage deviations of these data from saturation-pressure values calculated with EOS-LNG, GERG-2008 11 and with the modification of Rowland et al. 73 are presented in Fig. 9 . For this system, the most comprehensive VLE dataset was provided by Sage et al. 85 Their data cover a temperature range from 294 K to 395 K with a maximum pressure of 13.4 MPa. Since the data were measured together with the homogeneous density data, they were used in this work to determine the location of the VLE boundary. The overall AARD in terms of bubble-point pressures of EOS-LNG is 1.7% for this dataset, whereas GERG-2008 11 represents the dataset with an AARD of 2.5%. This difference is mainly caused by the choice of the dataset that was fitted.
For the development of GERG-2008, 11 the VLE data of Roberts et al. 94 were favored. They state an uncertainty in their pressure measurements of 0.014 MPa, which is between 1% and more than 10% depending on the saturation pressure. Furthermore, it was found that the data of Roberts et al. 94 Fig. 10 ).
With respect to caloric data, only one dataset each is available for the speed of sound, isobaric heat capacity, and excess enthalpy. The speed of sound data of Plantier et al. 83 are mostly scattered around the EOS-LNG and the other two models 11,73 within 10%. Excess enthalpies of Hutchings et al. 84 deviate by up to 40%, which is again similar for all three models. Significant differences among the three equations can only be observed for the isobaric heat capacities (cf. Fig. 11 ). The objective of Rowland et al. 73 was to better represent the recent measurements of Syed et al., 71 which are reproduced within 5% (AARD 2.8%), whereas GERG-2008 11 deviates by more than 10% (AARD 9.1%). With the new fitted parameters and departure function of the EOS-LNG, deviations are reduced to 3% (AARD 1.8%).
Methane + isobutane (C 1 C 4i )
The available database for the binary system methane + isobutane is more restricted than for methane + n-butane. There are four datasets available for the homogeneous density and five datasets containing VLE data. Except for new homogeneous liquid densities measured by Lentner et al., 20,72 the density data were also available for the development of the GERG-2008. 11 An overview of the performance of EOS-LNG and GERG-2008 11 in representing these data is given in Table 5 and shown in Figs. 12 and 13. Figure 12 shows the low-temperature region covered by homogeneous density data. Lentner et al. 20,72 published data for six isotherms in the LNG region between 100 K and 180 K. Modeling these data was challenging because the isotherms at higher temperatures approach the phase boundary in their low-pressure limit. If the available VLE data are not consistent with the homogeneous density data, this offset has the largest effect near the phase boundary and it is only possible to accurately reproduce either the VLE or the homogeneous density data. The new density measurements were not available when the GERG-2008 11 was developed. Therefore, the model was mainly fitted to represent the VLE and homogeneous density data of Olds et al. 52 This gives rise to increasing deviations at increasing temperatures between the new density data 72 and the GERG-2008 11 (cf. Fig. 6, top panel) , which leads to the assumption that the homogeneous density data of Olds et al. 52 were overfitted in the development of GERG-2008. 11 However, because no other data are available, EOS-LNG was fitted to ensure that the new data were represented as well as possible and that the accuracy of GERG-2008 11 for all other regions and properties was retained. Consequently, the density data by Lentner et al. 20,72 are reproduced within their experimental uncertainty, except for three state points at the lower pressures of the isotherm T 180 K (cf. Fig. 12 ). The AARD was reduced from 0.12% (GERG-2008 11 ) to 0.01% (EOS-LNG).
This improvement in the homogeneous liquid state at low temperatures resulted in an AARD of 0.057% (AARD GERG-2008 0.049%) for the saturated liquid density data of Haynes 77 and 0.068% (AARD GERG-2008 0.96%) for the measurements of Hiza et al. 78 As with C 1 C 4 , the experimental uncertainty of these datasets is approximately 0.12%, and EOS-LNG reproduces all data within this value. For comparison, only one data point deviates by more than 0.1% for the systems C 1 C 2 and C 1 C 3 . The dataset of Lentner et al. 20,72 also includes saturated liquid density data at each measured temperature, which overlap the data of Haynes 77 and Hiza et al. 78 The data of Lentner et al. 20,72 are represented within their experimental uncertainty (less than 0.017%) except for the state point at T 180 K, which deviates by 0.076%. In the same temperature range, seven saturated liquid density data points were published by Rodosevich and Miller. 97 Measurements were carried out with a special gas expansion system in a narrow temperature range for several binary mixtures including hydrocarbons and nitrogen. Deviations of these data with respect to EOS-LNG are less than 0.05%, which is well within the experimental uncertainty of 0.1%.
In the medium-temperature range, only three isotherms from one author are available. Because the data were disclosed as private communication from Ellington 75 to Jaeschke and were later published in the supplementary material of a GERG report, 61 no information on the measurement procedure or the accuracy is available. With increasing pressure, the data show increasing deviations of up to 0.3% (AARD 0.16%). This matches the representation of the experimental data by the GERG-2008 11 (AARD 0.17%).
The high-temperature region (310 K-511 K) was comprehensively investigated over a wide composition range by Olds et al. 52 with data extending to a maximum pressure of 34.5 MPa. As illustrated in Fig. 13 , deviations up to 1.5% are obtained for the EOS-LNG, which is comparable to that for GERG-2008. 11 The overall AARD is 0.37%, whereas it is 0.40% for GERG-2008. 11 As discussed in the introduction of Sec. 3, reliable experimental uncertainties of these data are not available. New measurements in this state region are desirable to accurately assess the data. Figure 14 and Table 6 give an overview of the percentage deviations of each VLE dataset from values calculated with EOS-LNG and GERG-2008, 11 where the different choice of datasets used to develop the two models becomes apparent. The most extensive VLE datasets available for this binary system are those of Barsuk et al. 98 
Methane + n-pentane (C 1 C 5 )
For the binary system methane + n-pentane, only a few data sources are available. Overviews are given in Tables 7 and 8. In Fig. 15 , deviations of all available experimental density data from the EOS-LNG are illustrated. Since the main focus of this work Fig. 16 .
Because the most comprehensive part of the homogeneous region was mainly fitted to the data of Sage et al., 54 these data were also prioritized when fitting the VLE. Moreover, these are the only data in the high-temperature region. The bubble-point pressure was fitted with an AARD pliq of 2.2%, and the dew-point line exhibits an AAD yC1 of 0.93% in terms of mole fraction of methane. In comparison to the GERG-2008, 11 a significant improvement was achieved in the highpressure region for both the dew-point and bubble-point curves.
The p,x-diagrams shown in The experimental critical-point data measured by Sage et al. 54 for this binary system present an opportunity to evaluate the predictions of the critical and cricondenbar lines by both models. In the upper panels of Fig. 18 , p,T-phase diagrams calculated with EOS-LNG and GERG-2008 11 are presented. The methane + n-pentane system can be classified as a type I mixture with a pressure maximum on the critical line according to Deiters and Kraska. 106 In their work, a comprehensive analysis of the critical line behavior is presented. However, no such analysis of the behavior of the cricondenbar line is available in the literature. Therefore GERG-2008. 11 For each of the critical points, the overall composition of the binary mixture was determined and the corresponding phase envelope is plotted as a dashed-dotted line. The calculated cricondenbar of each phase envelope is marked as a solid diamond, and the calculated cricondentherm is illustrated with solid stars. For type I mixtures, the critical pressure is generally located between the pressure of the cricondenbar and the pressure of the cricondentherm. This is correctly modeled with both the EOS-LNG and the GERG-2008, 11 except for the critical point at 444.3 K. The phase envelope of the GERG-2008 11 would have to be shifted to lower pressures [p c (T c 444.3 K) ≈ 7.5 MPa instead of ≈10 MPa] to match this criterion as it was done for the EOS-LNG (cf. Fig. 18 , top left and bottom right panels). Since both models show the same behavior and the new model matches the VLE data of Sage et al., 54 it appears that at least the qualitative behavior is correct for the cricondenbar line. Furthermore, additional investigations on methane + (propane to hexane) yielded the same results. However, additional measurements would be needed to provide a more reliable statement on the quantitative performance of the model.
Methane + isopentane (C 1 C 5i )
For the methane-isopentane binary system, only the two datasets of Amick et al. 107 (homogeneous density and VLE) and Prodany and Williams 105 (VLE) are available as shown in Tables 9 and 10 .
For the determination of homogeneous density data, Amick et al. 107 used an apparatus similar to the one modified by Kay. 108 A known mass of a mixture was loaded into a glass bulb sealed at one end. At the other end, mercury was used to change the volume and pressure of the sample, which was kept at constant temperature. The samples that were used (99.7 mol. % pure methane and 99.7 mol. % pure isopentane) were further refined, but no information is available on the final sample purity. The measured densities were then graphically smoothed. On average, the smoothed data can be reproduced within 1.5% by EOS-LNG as illustrated in Fig. 19 . The deviations are similar to those calculated for GERG-2008. 11 Improvements were made in the representation of the VLE measurements. The bubble-point pressure data of Prodany and Williams, 105 whose measurements for the system C 1 C 5 are in good agreement with the data of Sage et al., 54 are represented with an AARD 1.8% (AARD x,GERG-2008 6.5%). The three isotherms AARDs of bubble-point pressure data (AARD pliq /%) and average absolute deviations in terms of percentage mole fraction of methane in the saturated vapor phase (AAD yC1 /%) for the binary system C 1 C 4i . N denotes the total number of points in each publication except for pure-fluid measurements, whereas N x and N y indicate the number of bubble-point (index "x") and dew-point (index "y") pressure data, respectively. If N x or N y differ from N, state points were deleted from the numerical analysis for both models due to flash calculation errors or because they are outliers, which would distort the AARD or AAD Since the only two available datasets for this binary are rather old and inconsistent, it would be valuable to further investigate this system experimentally. Accurate density data are needed over the entire fluid surface. In particular, the possible existence of liquid-liquid equilibrium for C 1 C 5i should be investigated given that it does exist for methane + nheptane (C 1 C 7 ) 109 and it was also suspected during the experiments on Figure 21 shows the locus of the liquid-liquid equilibrium on a T,x-plane as can be traced with modern phase-equilibrium algorithms such as proposed by Bell and Deiters. 110 This binary system can be categorized as a type II mixture according to Deiters and Kraska; 106 therefore, the LLE temperature at a given overall composition is nearly independent of the pressure. The GERG-2008 11 equation of state illustrates that even for typical methanerich LNG mixtures (more than 90 mol. % methane), liquid-liquid equilibrium might occur in the low-temperature region. New measurements must take this into account, because such a phase equilibrium can perturb the stability of the signal observed with densimeters, as might have happened during the LNG measurements for the binary TABLE 8. AARDs of bubble-point pressure data (AARD pliq /%) and average absolute deviations in terms of percentage mole fraction of methane in the saturated vapor phase (AAD yC1 /%) for the binary system C 1 C 5 . N denotes the total number of points in each publication except for pure-fluid measurements, whereas N x and N y indicate the number of bubble-point (index "x") and dew-point (index "y") pressure data, respectively. If N x or N y differ from N, state points were deleted from the numerical analysis for both models due to flash calculation errors or because they are outliers, which would distort the AARD or AAD 
Representation of Multicomponent Mixtures
After fitting the parameters of EOS-LNG to represent the available experimental data for the four binary mixtures described previously, while ensuring no degradation in performance relative to GERG-2008, 11 the new model's performance was tested with data for multicomponent mixtures for LNG-like systems available in the literature. The functions for the binary mixtures other than the four binaries discussed in Sec. 3 are taken from the GERG-2008 model. 11 In Fig. 22 , deviations of density data for three multicomponent mixtures 19,49 from values calculated with GERG-2008 11 and EOS-LNG are presented. Each of these synthetic mixtures, which are representative of three commercial LNGs from three different regions, mainly consists of methane and ethane with small quantities of propane, n-butane, and nitrogen (cf . Table 11 ).
In comparison to the GERG-2008 model, 11 only the new departure function developed for C 1 C 4 has changed for the representation of these three multicomponent mixtures. This emphasizes the importance of this binary system for the representation of multicomponent LNG mixtures. For Libya and Norway, the amount of n-butane in the system is rather low. Therefore, deviations from GERG-2008 11 are less than 0.06%, which is almost within the range of the accuracy targeted in this work. The new departure function for C 1 C 4 reduces these deviations to approximately 0.03% in the case of LNG Libya and even to 0.02% for LNG Norway. In contrast, the n-butane content of the LNG Oman mixture is more than twice that of the other two mixtures. The deviations with respect to the GERG-2008 11 are 0.13%, which is much larger than the experimental uncertainty of the data. The new binary mixture model for C 1 C 4 used in EOS-LNG reduces these deviations to less than 0.04%, achieving the target accuracy of 0.05% with respect to the representation of the multicomponent data. These results show that the binary system C 1 C 4 has a significant influence on the representation of multicomponent density data. Since there were no experimental data available in the homogeneous LNG region for the development of the new binary-specific function, additional measurements of density in the LNG region for this system would help to improve the representation of multicomponent mixtures in future work.
Lentner et al. 19 also published measurements for multicomponent LNG mixtures including n-butane, isobutane, n-pentane, and isopentane as shown in Table 12 . Figure 23 shows that deviations of these density data from predictions calculated with the GERG-2008 11 (black symbols) are within 0.22%, whereas the EOS-LNG (red symbols) is able to represent all of the mixture data within 0.05%. The green symbols in Fig. 23 show only the contribution of the new departure function for C 1 C 4 to the improved performance of EOS-LNG. For these three multicomponent LNGs, the C 1 C 4 departure function is responsible for 10%-35% of the change in the deviations between the GERG-2008 11 and EOS-LNG models. Figure 23 also shows the contribution in the improvement (blue symbols) due to the new version of the C 1 C 5i departure function, which accounts for 20%-65% of the change for these multicomponent mixtures. The biggest impact of the C 1 C 5i departure function occurs for LNG 5, which has more than five times the isopentane content of the other two LNG mixtures. Tests on the other two binary functions showed that their influence is not as significant as those of C 1 C 4 and C 1 C 5i .
Clearly, the improvement of the two departure functions for C 1 C 4 and C 1 C 5i has a significant impact on the ability of EOS-LNG 19 within 0.05%. However, as shown in Sec. 3.5, the departure function for C 1 C 5i and the binary parameters in the new EOS-LNG are tuned to a very limited database with no binary data available at conditions directly relevant to LNG. Therefore, new measurements of homogeneous densities and vapor-liquid (maybe also liquid-liquid) equilibrium data are needed to further improve the C 1 C 5i binary function.
During the analysis of the multicomponent data of Lentner et al. 19 and Richter et al., 49 an interesting observation was made. In Fig. 24 , deviations of the experimental data 19,49 are illustrated for the original GERG-2008 equation of state 11 (black symbols) and for a modified version of the GERG-2008 11 that used the Lorentz-Berthelot combining rule (no departure function) for the system methane + nitrogen (C 1 N 2 ) instead of the original adjusted interaction parameters combined with the departure function. Although the binary- specific   TABLE 10 . AARDs of bubble-point pressure data (AARD pliq /%) and average absolute deviations in terms of percentage mole fraction of methane in the saturated vapor phase (AAD yC1 /%) for the binary system C 1 C 5i . N denotes the total number of points in each publication except for pure-fluid measurements, whereas N x and N y indicate the number of bubble-point (index "x") and dew-point (index "y") pressure data, respectively. If N x or N y differ from N, state points were deleted from the numerical analysis for both models due to flash calculation errors or because they are outliers, which would distort the AARD or AAD
Author
N N x N y T min -T max (K) Tables 11 and 12 ) are lower when applying the Lorentz-Berthelot combining rule. In the case of the LNG Norway and LNG Libya mixtures (the mixtures with higher nitrogen contents), the deviations decreased from 0.05% to 0.02%. This effect is related to the parameters of the reducing functions in Eqs. (8) and (9). Because the amount of nitrogen is rather low in the multicomponent systems investigated here, the correct modeling of the transition from the binary mixture to the pure fluids (x C1 → 0 or 1), particularly at the methane pure-fluid limit, is very important. The influence of the departure function vanishes in this region. Therefore, the departure function is not needed here and the mixture behavior seems to be mainly related to the reducing parameters. During the development of binary mixture functions, it is common practice to simultaneously adjust the reducing parameters and the departure function. This can result in models where the interaction parameters can be set to anything if the departure function is developed to account for any change resulting from the interaction parameters. This can result in models where the interaction parameters are not optimal if the departure function is developed to account for deficiencies of the interaction parameters. Therefore, it is most likely that for C 1 N 2 the reducing parameters were fitted so that they joined in a way with the departure function to meet the uncertainties in the data over the entire composition range but do not necessarily behave correctly in the pure-fluid limits in multicomponent systems. When fitting departure functions, it might be favorable to first adjust the reducing parameters to experimental data where x C1 → 0 or 1 and then adjust the departure function to experimental data with concentrations between those limits.
Conversely, measurements at LNG conditions for the binary system C 1 N 2 with very high methane contents (x C1 0.97 and 0.99) 72 are accurately reproduced within 0.02% (0.25% with the Lorentz-Berthelot combining rule), which leads to the assumption that the choice of the reducing parameters is less important for the binary systems but crucial for the interaction of binary functions in a multicomponent system. Several tests not only on C 1 N 2 but also on the four binary systems adjusted for the EOS-LNG showed that β v and γ v are the most sensitive parameters when modeling densities. However, this has to be investigated in more detail in future work.
Since there is no conclusive answer to the correct choice of reducing parameters, the binary-specific function for C 1 N 2 of the GERG-2008 model, 11 which is the most accurate model available for that system, should still be applied for the calculation of natural gas properties.
Comparisons with the multicomponent VLE data reported by Hughes et al. 112 for mixtures containing n-butane and isobutane are shown in Fig. 25 . The representation of these data is similar for the EOS-LNG, GERG-2008, 11 and the modification of Rowland et al. 73 Significant improvements are observed for the representation of the heat capacity data (multicomponent mixture of methane, ethane, propane, n-butane, and nitrogen) measured by Syed et al. 71 While the GERG-2008 model 11 exhibits deviations of up to 14.6%, the EOS-LNG and the modification of Rowland et al. 73 deviate by not more than 6.5% (cf. Fig. 26 ).
Although the main focus was given to the accurate representation of the subcooled liquid state, the gaseous and supercritical regions, which are important for the calculation of natural gas properties at pipeline conditions, were monitored to ensure that properties predicted in this region with the EOS-LNG are of comparable quality to the predictions made with the GERG-2008. 11 In contrast to the liquid state, there is a significant amount of data available in this region, which were carefully evaluated and analyzed in the GERG Technical Monograph No. 15. 23 Based on these datasets, comparisons between the EOS-LNG and GERG-2008 11 were carried out. The results are presented in Tables 13  and 14 in Appendix A. Due to the number of data, graphical evaluation of the results is not presented here. Since the mole fractions of the four components investigated in this work are generally rather small in the systems listed in Tables 13 and 14 , no significant differences between the representation of the data by the two equations of state are observed. Only the datasets of Jaeschke and Schley 113 and of Watson and Millington 114 (RNG1-RNG7 in Table 13 ) contain a significant amount of butanes or pentanes and can, therefore, be used as a baseline for comparisons with the EOS-LNG. In general, these data are now reproduced more accurately than with the GERG-2008. 11 One remarkable result, which is in line with the analysis of the corresponding binary mixtures, is the improved representation of the saturated liquid density data of Hiza and Haynes 115 (M7-M10 in Table 13 ) and Haynes 116 (M1 to M17 in Table 13 ). For example, the deviations of samples containing more than 4 mol. % n-butane (M8-Hiza and Haynes, 115 M1 and M2-Haynes 116 ) are reduced by a factor of approximately five. 
Conclusion
In this paper, a new fundamental equation of state in terms of the Helmholtz energy is presented for accurately representing the properties of multicomponent natural gas mixtures in the liquid state region (EOS-LNG). The general mathematical form and most of the binary functions are adopted from GERG-2008, 11 which is the reference model for natural gases in the literature. Based on new experimental data and new fitting techniques, binary-specific functions for methane + n-butane, methane + isobutane, methane + n-pentane, and methane + isopentane were developed. In comparison to GERG-2008, 11 different density data were chosen for the fitting procedure and new data in the LNG region were applied. This results in a significantly better representation of the homogeneous density data in the LNG region and for VLE states. The representation of caloric properties (e.g., heat capacities and excess enthalpies) was also improved.
By combining the four new binary-specific functions developed in this work with the remaining functions of GERG-2008, 11 deviations with respect to the density data of six example multicomponent mixtures could be reduced from 0.22% calculated with GERG-2008 11 to 0.05% with EOS-LNG. For further improvements, new experimental data (e.g., density, speed of sound, and VLE) are required, in particular, for the systems methane + n-butane and methane + isopentane. The representation of multicomponent VLE data with the EOS-LNG is similar to GERG-2008, 11 whereas deviations from heat capacity data are reduced by a factor of approximately 2.5.
Although the main focus was given to the temperature, pressure, and composition range of LNGs, the representation of all other binary mixture data that were available for the four adjusted systems is better or at least similar to GERG-2008. 11 Therefore, the new model is not only valid in the LNG region but also in any other fluid state and is available in common software packages such as TREND, 117 REFPROP, 118 and COOLPROP. 119 Test values for computer implementation are given in Appendix B.
Supplementary Material
See supplementary material for four text files containing the parameters of the equations. For use in TREND, 117 they have to be named methane-butane.mix, methane-isobutan.mix, methanepentane.mix, and methane-ipentane.mix. 
Appendix A: Comparison with Multicomponent Data
In Tables 13 and 14 , numerical results for the AARD are presented for the multicomponent data in the pipeline region, which were used for the validation of the GERG-2008. 11 Comparisons are made with both the GERG-2008 11 and EOS-LNG models.
Appendix B: Test Values for Computer Implementation
In Tables 15 and 16 , test values for computer implementation of the pure fluids and mixture models are provided.
TABLE 13. AARDs/% of the experimental multicomponent data in the homogeneous state that were available for the development of the GERG-2008 11 and which contain butanes or pentanes. The AARD was calculated with EOS-LNG and GERG-2008 11 for comparison. The listed mole fractions indicate only the fractions of the components studied in this work (methane: x C1 , n-butane: x C4 , isobutane: x C4i , n-pentane: x C5 , and isopentane: x C5i ). For information on the complete composition and the designation of the mixtures, see the GERG Technical Monograph No. 15 23 
